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AB TRACT 


This investigation was conducted to determine the 
effect om performance and temperatures of the addition of 
either liquid hydrogen or liquid ammonia to three bipro- 
pellant systems of current interest, These bipropsllant 
systems are nitrogen tetroxide~hydrazine, hydrogen peroxide- 
hydrazine, and RFNA~hydrazine, 

For each tripropellant system all important 
parameters ami chamber and exhaust temperatures are de- 
termined for equilibrium flow conditions and constant 
composition flow conditions, All the results are listed 
in tables ana the efrects on several of the more importcnt 
parameters are illustrated graphically, 

The results show thet theoretically the effect of 
the addition of the third component is desirable by causing 
reduction in temperature and increase in performence, 

New parameters were introduced for utilization in 
predicting performances of tripropellant systems onee the 


chamber temperature hus been calculated or estimated, 
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INTRODUCTION 


One of the major problems in the oper.tion of therwal 
jet anc rocket engines is the reduction in heat transrer to 
the combustion chamber walis, One soiution to the problem 
of maintsining tne wall material below its welting point has 
been the use of exterior cooling systems to Kaintain the 
temperature of the wall considaerebly below the temperature 
o:. the gas. To recover part of the heat lost in this mane 
mer tne fuel or oc¢iceant mey be used as the exterior coclunt, 
Such a system is Said to be regenerxtively cooled, For 
high performing propeliant syStems. excessively Ligh tempera- 
tures are encountered in the combustion chunber and the con- 
vergent section of the nozzle; therefore, it is sbabacdit to 
resort to more effective methods of cooling (Cf, Ref, 1). 
Furthermore, many of the newer fuels and oxidants are so 
unstable that it is not possibie to use them in regenéru 
tively cooled systexs, 

Theoretically at ail operating temperatures, ond 
practically, at least at lower temperatures, it has been 
shown that film or transpiration cooling techniques cffer 
cert.in oper:tive advantages (Cf, Ref, 2), In addition, 
such techniques thecreticelliy appear to leniu trerselves to 
‘application to very hot propellant systers operating over 
longer periods of tine, 

In film or tranzpiration cooling, ti.e coolunt moves 


in counterflow to tne heat flow through the woll material, 


ri 
stage oe 


and evaporates on the surface exposed to the high tempera- 
ture, and may or may not take part in the combustion on 
entering the combustion zone in the chamber, The extent 
ef the mixing with the combustion gases is not yet known 
nor is it known what efficiency of absorption of radiant 
energy by a gas or Vapor stream may be expected, 

The addition of a third component as film or trans- 
piration coolant to She putinisdhei senetion, if properly 
chosen, may have certain desirable effects on the calculated 
performances and the adiabatic flame temperatures, assuming 
adequate mixing and complete chemical reaetion, The extent 
to which thege assumptions identify the actual conditions 
of operation will have to be ceterminei experimentally, 

The theoreticul efreet on performance and gas temperature — 
ef combustion is of immediate interest since it will indieate 
the direction and order of magnitude (Cf, Ref, 3) of the 
change in performance parameters to be expected, 

| Hydrogen (liquid or gas) and ammonia (liquid or gas) 
have previously been demonstrated (Cf, Refs, 3, 4, 6, and 7) 
to be the most effective third components to be added to 
present propellant systems, although water (liquid) has 
been considered seriously (Cf, Refs, 7 and 8), These comn~ 
ponents or their dissociation products lower the chamber 
temperature by decreasing the avaliable energy per pound 
of tot.1 propellant and increase the performance, both very | 
desirable effects, Increased parFoPuanee: 46 possible be- 


cause of the lower average moletular weight of the products 


% 
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of reaction resulting from the aacition of the third 
component, 

For these reasons, the investigation of the effect 
of the addition of a thira component on the performance of 
rocket propellant systems currently of interest was under- 
taken, These systems of immediate interest were; RFNA~ 
hydrazine system with liquid ammonia added, RFNA~hydrazine 
with liquid hydrogen added, nitrogen tetroxide-hydrazine 
with liquid ammonia added, nitrogen tetroxice-~hydrazine 
with liquid hydrogen added, hydrogen peroxide~hydrazine 
with liquid ammonia added, and hydrogen peroxide-hydrazine 
with liquid hydrogen added, A pocsiedbe tiie: of the per- 
formance in stoichiometric proportion of the hydrogen 
peroxide+hydrazine system was also undertaken since earlier 
calculations (Cf. Ref. 8) neglected molecular and atomic 
oxygen in the mass and heat balances, 

The performance parameters were evaluated for each 
tripropellant system at a mixture ratio corresponding to 
stoichiometric proportions with respect to the bipropellant 
oxidant and fuel, but with varying amount of third component 
(liquid hydrogen or ammonia) added in excess, Stoichiometric 
proportions were chosen since the chamber temperature (Tg) 
was very nearly a maximum at this mixture ratio (the real 
meximum is slightly on the reductant-rich side of stoithio-~ 
metric) and the pedue tion in flame temperature by an addition 


would be most marked, 


at. 
EXPLANATION OF SYMBOLS 


Number of moles of water vapor (HO) in 
the products of reaction 

Number of moles of hydrogen (Ho) in the. 
products of reaction 

Number of moles of hyaroxyl ions (OH) in 
the products of reaction 

Number of moles of atomic hyurogen (H) 
in the products of reaction 

Number of moles of oxygen (05) in the 
products of reaction 

Nunber of moles of atomie oxygen (0) in 
the products of reaction 

Number of moles of nitrous oxide (NO) 
in the proaucts of reaction 

Number of moles of nitrogen (No) in the 
products of reaction 

Number of gram atoms of hydrogen in the 
reactents 

Number of gram atoms of nitrogen in the 
reactnts 

Number oi gram atoms of oxygen in the 
reactants 

Velocity of sound corresponding to chamne- 


ber conditions (ft sec~+) 


Effective exhaust velocity (ft see) 


cit 


(Cp). 


(Cy), 


"(Igp) 


E(h) 


—D- 


Characteristic velocity (ft sec~t) 

Theoretical thrust coefficient of nozzle 

Apparent molar isobaric heat capacity of 
products of reaction at equilibrium 
chamber temperature (cal wol~t Ox-1) 

Apparent molar isochoric heut capacity 
of products of reaction at equilibriun 
chamber temperature (eal mol~+ Ox~L) 

Average apparent molar isobaric heat 
capacity of products of reaetion during 

| their passage through nozzle 
(eal moi? %K-+) 

Average apparent molar isochoric heat 
Capacity of products of reaetion during 
their passaze through nozzle 
(eal moi} °K74) 

Dimensionless parameter equal to 
=2B ~ Sy 
Isp To 


Dimensionless parameter equal to 


a. ~@he 
n° 7,° 


Nozzle throat area (sq in) 

Thrust of rocket motor (1b) 

Acceleration of gravity (arbitrerily 
chosen equsi to Su,< ft see~“) 


Altitude index (mi) 


ft 


Aye 
N00? 


a 
At,,©, etc, 
€ 


To 
i He” 

we 3 
Isp 


Efe 


od 


ie 


Comees@ in wah, af Che ;radcucs are. 
Pehotisn (. chl) bdteein GL percocet 
temperature (°K) and subserf,t tee 
perature (°K) 

Erithalpy chenge im a specified systen 
frovi Ty to To with the system in 
chemical eyguilibrium (ke cul) 

Specific impuise of propeltunt (sec) : 

Bechenicul esuivalent of heat 
(44 Lae x pot ergs k caivty 

Byullibrium constents ex;resseu in 
berus of partial pressures ror 
particulur reactions es listeo on 
page 47 

Bquilibriu. constants expressec in terms 
of mumber of moles of tempomente Tex 
perticul.r ve ctions 23 list@u on page 47 

Total weight of reactants (gm) 

Weizht rate of flow throuzh nezzle 
(Lb sec7+) 

Average moleculur weizht of the preoaucts 
of remttion curing their pasBage through 
tne nozZzile 

Averuge moleculsr weight of the produets 
of reaction .t eyuilibrium chamber 
temperature 


Number of moles of prouuets of reaction 


=f 


i. 
nie — esa, 


Any» A No» ete. 


Pe 
Pe 
ays Bay» et. 


T 
A Qav Te 


Qe (reactants) 
Qr (products) 


RFNA 


Ry 


= Tog 


Average number of moles of products of 
reaction present during their passage 
through the. nozzle 

Nwaber of moles at temperature (°K) 
indicated by superscript 

Wunber of moles of proaucts minus the 
number of moles of reactants indicated 
in baianced equilibrium equation for 
a particulur reaction 

Total pressure of the products of 
reaction (atm,) 

Nozzle exhaust pressure (peda) 

Chanber pressure (psia) 

Heat available fron completion of re~ 
action at temperature (SK) as indi-~ 
cated by superscript (k eal) 

Change in heat avallable between Te 
and Te (k ¢al) 

Heat of formation of the resctants at 
300° K (k eal) 

Heat of formation of the products at 
500° kK (k e@21) 

Red fuming nitric acia (in this investi- 
gation, nitric acid with 6,8% by 
weight NoOq) | | 

Universal gas conctant (1,986 cal 


mol~+ Oxe1 GB,5o1l> K 10° ergs woi7> ~1) 


3 
Wo o 


Xe 


de 


/ 


r 


le a 


. oO Sue 
Te, Isp» ba, etc. 


ww £3 we 


Absolute temperature (°K) | 
Equilibrium chamber temperature (°K) 
Exhaust temperature (°K)- 

Average teas day or rocket propellant 
(gm cn~®) 

Ratio of isobaric to isochoric heat 
Capacity (Cp/Cy) 

Ratio of apparent isobaric to isocherie 
héut capacity of products of reaction 
at eyuilibriun chanber temperature 

Ratio of average apparent isobaric to 
isochoric heat capacity of the pro- 
ducts of reaction auring their passage 
through the nozzle 


A function of Y defined by 
Y ¥2 
/ A ae 
['o s ep 1) 


lake evaluated for ¥ = Ve 
Superscript zero indicates value of 
parameter for bipropeilant system 


at stoichiometric mixture ratio 


PART I 


DISCUSSION OF ASSUSPTIONS AND INTRODUCTION OF PARAWLTERS 


The assumptions used in evaluseting the theoretical 


performances of the tripropellunt systems were that 


1. 


The propellants react completely anu there 
is sufricient time for the establisiment of 
equilibrium concentrations of the normally 
unexcited components - Ho, H:0, NO, Np, N, 
O:, O, H, OH - at the adiabatic flene tem- 
perature determined by the mass anc heat 
balance, All minor components are Coie 
sidgered in these calculations except itomic 
nitrogen (N). 

The G,uipizrtition of energy emony the elec- 
tronic, vibrational, ana rotation. energy 
levels is assumed to be instantancous, both 
in the chasber and in the expansion process, 
for constant composition and eyuilibrium 
flow conaitions assunea, 

Over & temperature range of 100 dexzrees, 
Se, 43 600; and gas mixture composition 
versus temperature are assured to be lineer, 
Chamber pressure (P,) is 500 psia for «il cal- 
culations presented herein, ana the exhaust 


pressure (P,) is assumeu to be 14,7 psia. 


De 


10, 


ll. 


oe 


Por constant composition tlow calculations, 

the propellant gus composition remains con- 
stent ana egu<1 to the composition at the 
adiabatic flame temperature in the chagber (Te). 
For eguilibrium flow culculations the composi- 
tion of the proaucts changes continuously with 
pressure and temperature alone the nozzle and 
the energy released in shifting the equillbriun 
involved is made available for increased per- 
formance, | 
Steady flow prevails throughout the nozzle, 
That is; shock disturbances are neglected, 
velocity profile is tniform and flat, com- 
pressibility and viscous effects are neglecteu, 
It is further assusned one dliiensional equations 
are valia, 

The expansion process is isentropic and the 
combustion takes place adiabatically, 

fhe enthalpy of the reaction products is ine 
dependent of the pressure since relatively 

low pressures were used in these calculations, 
Velocity of the reaction produets in the chamber 
is negligibie comparec to efrective exnaust | 
velocity, 

In computing tne characteristic velocity (¢*) 
the ratio of specific heats (YY) is assumed to 


bé the ratio of the specific heats at the 


~ er 


equilibrium chamber temperature, ana equal to 
Ye. The ¥ ¢ is based on the change of enthalpy 
ever the one hunured degree interval nearest 

the chamber temperature (Tg) at a constant 
pressure equal to the chamber pressure, For 

the expansion process a constant average iso- 
buric heat capacity (C,) is assumed, 

The foregoing assumptions were used in calculating 
tne parameters necessary to cconpare the systens and the ef- 
fect of adaing a third component, Since achieving a high 
terminal velocity is es.entinl, the impulse is a more sig- 
nificent parameter than ti.c energy dissipated, Consequently, 
the specific impulse which is the thrust per unit weight 
rate of flow is computed and is the ratio of the effective 
exhaust velocity to the acceleration of gravity, This is 
ene of the wost useful parsveters in comparing propellant 
systems, 

Effective exhuust velocity is of egual importance 
aS a paranweter since it is indicative of momentum change 
(c = Isp 6). Tre effective exhaust velocity is the nozzle 
exit velocity (axial) und is also defined as the ratio of 
the thrust to mass rate of flow, Thus, it is easily cxlculated 
botn experiventelly anu theoreticszity, 

Tne characteristie velocity (c*) parameter is com- 
puted since it is determined only by the properties or the 
propeliant anu tie throut ulaneter anu is indepenuent of the 


exit conditions, [It is «= teasure of the combustion efficiency 


aye 


and reaagily cealilcul..tea considering only the propesi:unt pro- 
perties (Te, Yc, hic) e& the @@iebustsen conm@itioens, In 
this way it is very useful to obtuin juick cstimates of the 
merit of a propellunt system, 

fi.e noszle thrust coefficient (Cp) has been found to 
be a useful parameter. It is a funetion of chanber pressure, 
nozzle throat wresz, ana the thrust develo,e.c. Tieoretically, 
it may be evVeluaeted from th. ratio of the erfvective exhaus 
Velocity tc tie chafacteristie Velocity, 

fhe altitude inecx is « useful paraneter in comparing 
propeliant systems’ since it is a weigiten Punction cl speci-« 
fic ipspuise and propéliiant denfity, It 1s « cobp-erison of 
the altitude attazinabie by un urditrarily chosen large total 
impulse rocnet with « roeret of speciries tot.1 impulse, 
By using a lurge rochet the propeizants becone only functions 
of their specific Impulse unu aen.ity «nd thus proviue a good 

. 

measure of their relative wher.t for long range or high alti- 
tude wissile applicetion, 

The Values or sitituue index vere besea on ettuations 
for biproveliant systems snc, therefore, prouuce v.lueés that 


ure siizhtly optimistic, 





DEVELOPMENT OF Thi EQUATION: FOR SOLVISG TH. COMPOSITION 
OF THs PHODUCTs OF REACTIGN INCLUDING WINOR COKPONENTS 


The equations develope: here for determining the 
composition of the preaucts of reaction are of necessity 


synonymous to methods previously developed for solving 





Similar problems, They represent an inaependent derivation, 


however, AS a result, the use ened nomenclature of the equa- : 


tions are slightly aifferent, 

Although there have been numerous methods of solu. 
tion for this type problem, they ure ali time consuming and 
laborious, Several metnods were investigatec in an effort 
to fina a quick exact solution, but the final conclusion 
wag that some methods, although of 6guai aaaptability, did 
not offer any definite .dvantage over the method used in 
this thesis, either in time or eccuracy, 

The products of rec.ction of «ll the propellant 
systems investigatec containea He, H, OH, NO, Na, Hed, 0, Oo, 
The foilowing system of symbois was used to represent the 
atomic and molecular species present in the combustion géses;: 

= muwober of moles of water vapor (Hg0) 


a 
b = nueber of moles of hyarogen (Ha) 


c © number of moles of hydrexyl ion (0H) 
d «= number of moles of atomie hydrogen (4K) 
@€ = number of moles of oxygen (0 } 


f = number of moles of atomic oxygen (0) 


+) 4. 


x number of moles of nitrous oxiae (NO) 
= number of moles of nitrogen (Ng) 
numnver of gram atoms of hydrogen 


= number of gram atoms of nitrogen 


oOo 42 x PT 
| 


= number or gram utoss of oxygen 

The major components are molecular hydrogen, molecu- 
lar nitrogen, <nd water vapor, The minor components are atomic 
hydrogen, nitrous oxiuc, atomic oxygen, oxygen, atomic nitro- 
gen, and the hydroxyl ion. The presence of atomic nitrogen 
is negiected in this investigation, 

Therefore, the problem is to find at least eight 
equations by the use of whick the eight unknowns ean be 
solved, The reaction equation for systems containing hydro- 
gen, nitrogen, ana oxygen is: 

H+ N+ 0 = aleO + bHe + cOH + dH + e0o + £0 

| + gNO + hN2 

This immediately gives three of the necessary eight 


equations by setting up the atom balances; 


Sum of hydrogen atoms: He ga 4+ 2bacaead (1) 
Sum of oxygen atous: | Otavzc+rteef4eg i (2) 
Sum of nitrogen atoms; N= g+ zh (3) 


The remaining five equations were obtsine. by con- 
sidering reuctions anu ulssociations among the eight products 
of reaction, Equilibrium must be assumed und the resulting 
equations ure as follows: 

No + H20 # NO « He (ong = 0,5) 


Ens = gD (4) 
h*"a 


OG oe: 


eH20 = Oo + BHp (Ang = 1.0) 


) fe 
Kne = Shs (5) 


i 


Hg0 = 0 + H, () ng = 1,0) 
Kno *« fb (6) 


sHo 2B (Ang * 0.5) 
Kng sd (7) 


HoQ0 = OH + }He (Anjo * 0.5) 
Emjio * che (8) 


| eeepeiisast5c) 


The tabuiar vaiues of the equilibrium constants used 
from Table I were bused on ratios of partial pressures, but 
since the development here ugpentis on the moles of gases 
it was necessary to convert the hu, Kg, Ky, Ag, and Kyg to 
Enz» Kng» Kny»s bngs 490 bnjyg by the following general rela- 
tion: 


Kn * K (n,) 64) : (3) 
n se 


number of moles of products of reaction 


where Ry 
P 


Ans number of moles of products minus the number 


total pressure of products of resection 


it 


of moles of reactants obtained from balanced 
equilibrius equation 
Also, there is an additional equation since En is 
a function of total moles of products of reaction where 
| Mpeatbeeocedeesfegeah (10) 
It is pointed out that np must aiso be estimated for each 


particular solution, 


~L@~ 


These equations c:n be solved to express the com- 
position of each of the components as « function of, at 
the most, two unknowns, giving the following equetions: 


& = H b* - Kno b - 2 bie” | (11) 





rz) pe? + Knio 


b= b (where b = assumed trial value) (1) 
bee 
) 
e=k,. a“ (15) 
= Sal , 
Db? 
fs Envy a (16) 
g 2O-a-C = Ze = fr (17) 
hw=w# (N - g) (18) 
Mp eaebecedeesfaegeh (19) 
Kn = gb (20) 
ah: 


With these eyuations all the unknown quantities can 
be found if the correct estimate of "b" can be founa, The 
correct value of "b" is founda by trisl anu error, Therefore, 
the following triul and error procedure is employed, 

1. Estimate Te to nearest 100° K, 

2, bhstimate Np and compute the equilibrium con- 

stants (Ky 's) for totul pressure of prouucts 
of reaction for this estimated Te. 


5. Estimate "b", number of moles of hydrogen, 


Pe ey a 


4. Caleulate other components fron this estimated 
tb, using iquations (11) through (18). 

5, From Equation (19), find np, Compare with es- 

timated Np of Step <, 

6. From Equation (20), find Kn,» Compare this 

with Knz of Step <, These two will be identieal 
if np estimated = np actual, 
7. Repeat cuiculations based on new value of '"b" 
until agreement of np (estimeted) = mp (computed) 
and kn, (Step 6) = Ky, (Step 2). 

8&8, As a check on numerical accurecy, Equations 
(1), (2), and (3) should be used, 

To demonstrate the use of these esuxutions fer deter- 
mining the composition of the products of reaction, the fol-~ 
lowing sample ceiculation is presented, 

The composition is to be solved for a particular 
temperature and pressure corresponding to shasuas conditions 
in a rocket motor, The propellant systew chosen to best 
demonstrate the use of these equations is nitrogen tetroxide 
and hydrazine at stoichiowetric with the adaition of ¢ mole 
of liquid ammonia, 

The chemical equation expressing the resetion of 
the propellant is given, at low temperature, ass: 

NoO4 (1) + .<d NHg (1) + @ NoHyg © 4 HoO (1) + 3,125 No  .375 Ho 
at elevated temperature; 
NoOa (1) * .<5 NHS (1) 4 2 Nek4 = aHeO (2g) + big + eOH 4 dH 

| + e02 + £0 + gNO + hilo 


ike 


From this equition, np is found to be éyu.l to ar 
greater thin 7,5 mwoles, 

Using equations (1), (2), ana (5), the following 
three equations are obtained: | 
Sum of hydrogen atonis 

Hw 68,75 = ca 4+ ecbeecsdad 
Sum of oxygen atoms 

O= 4,08 &24C4.2.04f Bg 
Sum of nitrogen atoms 

N= 6,25 = g + ch 

Now employing Equations (11) through (18), an ad~ 
ditional seven equations are obtuined: 


a © 8,75 b*? — Eng b - zbte® 





@ 


ha pe? tT EKnjo 


fu 
i 
xt 
5 
ce 
oe 
7 





gz=¢€.0-a-c-e-+ ce -f 

h = $(6,25 ~ g). = o,1c5 ~ g/2 

It Was now necessary to choose a tcnperature to the 
nearest 1009 k anu to estimate tite total number of moles of 


all the reactants at this temperature, 


~19~ 


With T = S2v0° K; Pe = 500 psias np = 7,8 moles, 


the composition was computed, 


tion, a 


and the 


T BeOO? K 
Dy 7.8 
(mp/p) (4 B*2) 0.56% 
(np/P)(20"0-5) 9,618 
Kng 3 0.00800 
Kng 0.00270 
Kn7 0.007R7F 
Kno 0,178 
Knig 0.0672 


f 


fo begin the trial and error solution of the composi- 
representative value of "b" was chosen, 

In the first trial, "b" was tuken equal te 0,7 moles, 
equations (11) through (18) solve: 

& 5,465 

b 0,700 

0,<78 

0,146 


i © 


0 .Q66 
0. G58 
0.0u1 


vr fe ym @ 


2,080 
Knz (culculated) 0.008 
Ty 7,859 


Comparing Ay. and Np calculated with Kp, a0G Dp 


based on assumptions, it wes found thet 


Knz (based on assumcc vuliues) 


compared with 

Knz (calculated) 
and 

Np (assumed) 
compared with 


Mp (calculated) 


* 0.00800 


= 0,00800 


=x 7,80 


« 7,359 


With this information, 1t was necessary to assure 


another up = 7,86, ana resolve the equations with an Cleon 


justed value of "b" = 0,690. 


T 

Tp 

(np/P) (4 B*1.0) 
(mp/P) 4 BOs) 
Kng 

Eng 

Kny 

Kng 


En10 


3200 


7,86 
0,585 
0,620 
0 ,00808 
0,00272 
0.00735 
0.1745 
U.0674 


DAIS 









8 

Ah 3 

ins 0.00602 

Rp 7,856 
- Comparing results of secenu trial showed Knz'8 to be 

in exact agrecrent anc Np Culculated = 7,606 compared to my 

estimated e 7,8¢ fois difference is negligible, There- 





fore, the exact conipesition is computea fer the chosen 
temperature, fT = 52009 K, at a pressure, P = 500 psia 
(20,41 atms.). 





oafid .. 
PART III 
SAMPLE GaLCUL,TIO8S OF PHRRPOKM.ANCE PARAMETERS 


Calculations are made on the nitregen tetroxide 
(1iquid) and hycrazine (liquid) propellant system at stoi- 
chiometric with the aduition of $ mole of liquid ammonia as 
the third component to illustrate the methods presented 
thus far, 

Since a sample calculation for the determinetion of 
the propellant composition et « chosen temperature has been 
made in Part Il, these ozleulations will preceed frow that 
point in order to avoid duplication, 

The chemical equation at stoichiounetric mixture of 
this propellant system is at low temperature: 

1.0 No04 ¢ & Neg = 4 H20 (1) + 3 Neg 

With the addition of # mole of liquid ammonia to 
the above equation, it becamey 

1.0 NoQq + 0.25 NHe(l) # & NoHy = 

4 HeO (1) 4 5.le5 Ne # 0.375 He 
At an elevated temperature the chemical equation is: 
1.0 NvOa + 0,25 NHB (1) + & NeHe = 
a H20 (g) + b Ha +c CH 4d H +e Oo 
*f O04 g NO + h No 
Total mass of all proaucts of reaction is equal to 


160.,5< gps, 





Using methods for solving the composition of the 


products of reaction demonstrated in Part II, the composition: 


was found to be 


oy475 

ee. 0.690 

Cc | | 0,262 

et 0,145 

G 0.068 

f 0,057 

i 24 0,070 
h 35,050 


The ery can now be evaluated for this temperature: 
at, = [Qe (products) - = Qf (reactants) (21) 
Table Iit lists values of heats of formetion of the 
chanber and exhaust gases ana of the reactants used in evalu} 
ating Qeys ) 
With use of Table III, Oty Was found to be equal to 
218.92 k ¢al./160.$2 gm, | 
Tne A — can now be evaluated, 
A Hgoo = =a Ny 4 By | (22) 
This was computed from Table II ana found to be 
equal to “17.08 k cal,/160.52 gu, If the Q°%99 4s compared 
with the A #9899, it is rouna that the texperature of 32009 


~2%e 


K chosen for Te is too siull anc a new Te must be selected, 
For the second trial, Te = 5300° K is chosen, Similar cal+ 
culations are mede as with T, & SZ00° K and the composition 
of the products of reaction are found to be 

a 6,541 

Db O.77S 
0.506 


mQ Q 


0.201 
e 0,089 

f 0,007 

g 0,968 

h 3,081 . 

“=? ae and As are eomeses at so00° K and found 


ee = 204.90 k cal,/160,22 gus, 

A He800 = 226,11 k cal,/160.52 gus, 

Comparing these values, it is seen that Te # 56009 K 
is too high, Therefore, Te must be between 500° K and 
S3500° K, The exact value of Ty will be that temperature 
where AHS&, = Qi, With the assumption that A He8, and 
ate versus T(°K) are linear over a 100° temperature range, 
the AT (temperature change between the lower and upper 
temperatures Te) is computed by the following relations 

 f @ 32008 4 at 


A2/,3500 _ ,5200 


5200 
L100 * *av Ray av aa 


) +#@ 


| AT, 978500 $200 S200 .. 
FESO BS99 - 2 BEG) + AHSOQ” (28) 


25. 
QAOgTs2«aoxk 
fo = 3200 4 6 = 5408° K 


% ~~ 


~ m2 n ae i : : : xy @ 3 
: ‘aculation of > of Isobar ¥. oshoric Heat 


Capacity, (¥¢e) 


The isobaric and isochoric heat capacities (Cpe and 
Cy,) must be calculated in order to obtain Ye, 
53500 ‘ 
Cpe = SHS200 (24) 
Bp 47) 


o 5500 oe 
were — § H5S00 = (4 15800 _ 9 x90) , (98200 _ 45500) (25) 


Cpe 7 BeQS = TE .De y 39° car K+ mont 
1, (100) 


= 33,05 x 10 = 29,183 cal Sx? moi 
7 Sle 


Cy, = 29.160 - 1.986 = 27,144 


CV¥e 





Me is the average molecular weight of the products 


of reaction, 


we 
oie 


i 


m es 
i (27) 


2 mass of reactants 


m 
nie ~- number of moles at temp, Te produced by "1" 


where 
mass of reactants, 


Mo = 160,55 = 20.564 gms, molt 
7,665 












2D De Calculation of Characteristic Velocity (c#) 


Using only the stie¥abic filane temperature in the 
chamber and % and ie calculated, the paraweter, characteris 
tic of the propellant (c*) can be computec, This is very 
valuable since the propellant .can be immediately judged as 
to its practicability and may save many useless ealeulations 
of propellant systems which would be of no interest, 


e# is definea either of two ways: 


c# @ Po ft (28) 


nm 
where Pe = chamber pressure psia 
f;, = area of throat 


m = mass rate of flow through nozzle 





or 
c# Sa = Ru Te ~sy 29) 
r" (ee) e¥e 2. St 
(yer Yer 


where a@ = velocity of sound corresponding to chamber 
conditions 
fas (x) = function of Y evaluated at ¥Y = Xo 
Ry = universal gas constant 
M = average molecular weight of chanber gag 
Te = adiabatic flaxe temperature in chamber 


, ratio of isobaric heat capacity to isochoric 





heat capacity 


The PV we) can be found from its relation to ¥ @ 


in the equation: 





[7' (Sq) * (30) 
or the linear relation: 


can be used, 

This linear approximation (Cf. Ref. 5) was checked 
over the range of ¥ encountered in these calculations and 
- found te be equal to the value calculated by the exact 
equation within one half per. cent, 


Using the linear approximation for 7" (re)s c* 


was Calculated to be equal to 6014 ft see~t, 





At this point it is important to illustrate two 
separate methods of cziculations: One set of saiculetions for 
equilibrium flow (assuming that the composition is a funetion 
of the tempereture and-is changing through the nogzzle) and 
a second set of czliculations for constant composition flow 
(assuming that the composition is independent of temperature 
and pressure through the nozzle). Calculations for equili-~ 
brium flow will be carriec out first and then the modifications 
necessary to calculate constant composition flow are listed, 

The exhaust temperature (Tg) will be calculated from 


the relation: 


— Ru 
Te = Te Fay « Te (52) Cp (32) 





28 = 


1, tauilibrium rlow, 


The composition of the products of reaction is a 
function of temperature ana is continuously changing as the 
gas flows through the nozzle, 

First, estimate Tg (PK) to the nearest 100 OK, As~ 
suming that Te is 2200 °K, the composition of the reaction 
products is calculateu by means of the method illustrated 
in determining the composition in Part II, 

a (H20) & 5,463 
“bp (Hg) = 0.880 


@ (OH) = 0,014 
d  (H) = 0,009 
@ (Q) = 0,001 
Se (0) = - 

ge (NO) # 0,001 
h (Nz) = 5.184 
n’e = 7,612 


From this composition at <c00O °K, 4 568° was Ge- 
termined to be 129.46 k cal/160.S. gos, and A Ho Was pre= 
viously caleuluted to be £17,80 k cal/160.3 gns,: 

The change in the enthalpy of the products of rew 
action in going from Tg to Te with the components in equili- 


brium is now rey 


To 2200 2200 ‘Te 
¢) H2z00 = ee 390 - GHS00 ) = (Qav- = Qav) 
Gav - Qc) = 44,04 kh cal/l160,5< gms, 


d - a > 1<y. 48 k a 32 eas. 


kee 


Now Cp ean be found for use in determining exnaust 
temperature (T,). This is the average isobaric heat capacity 


between the. chamber and exit, 


Te 
Cp = Sire 
and since 


Dp = 7,659 moles 
and S Hy? * 129,48 k cal/l60.32 gms, 
Then, Cy = 16.690 


and - = ,119 
"PR 


Therefore, | 
owt 
fe * Te (Pe/Pe)Cp = 2239 Ox 
It is now necessary to estimate a new Tg since the 
Te calculated is more than + 10° of the Teg estimated, 
Therefore, Te = 2300 °K is now taken and the composition 
of the products of rexction calculated as before, 


b (Hg) = 0,592 
e (0H) = 0,0¢7 
ad (HK) = 0,017 
e (O02) 2 0,008 
f (0) = 9,001 
g (NO) *# 9,006 
h (Ny) =z 3,127 
Te 


7,928 


3 
i} 


Qs 


Using method illustrated for computing Te from first 
trial, Te ® 2400 “K, 

5 Kens 2 119.25 k cal/160,5e gms, 

Now instead of computing Te for «n assumed Te 2 
¥300 °K, it is better to t.ke a new Te (assumed) equal to 
the computed T, of first trial (plus or minus a small core 
rection depending on whether or not the first estinate of 


Te was high or low compareu to the first c.iliculated value 





of Te. 
For the assumed Te so corrected 
Te = 2x39 °K 
and } im @1x5,51 k cal/160,52 gus, 
from which 
Cp = 16.88 
and By = .118 





€ 


p ie 
Henee, Te = Te (Ley “P © 2c46 K 
Pe 


Tne Te Calculatea is only 7 degrees different from 
Te estimated and can be taken as the correct Tee Repetition 
of the calculation would not change Te. 

It is notea, however, that the value of 5 Hg’ to be 
used in finding the effective exhaust velocity (c) must be 
for the correct Te = 2.246 °k instead of for Tea = ~<d9 °K. 


T e 
SY Savas = 124,650 k cul/160,3< gms, 
5 Hyiszeg * 125,81 k cu1/160,82 gris, 





To modify the calculation of Te (equilibrium flow) 
to apply to a caiculation of Te (constant composition flow), 
the following variations must be used, | 

The composition is not a function of temperature 
ted Peuciad fixed during the flow through the nozzle, 

The Te estimated must be smailer than Te estimated 
for equilibrium des 

Seb (A uss ~ Ansede**+)) - © (change An enthaloy 

changes) 

Therefore, 

Sie ange 

With these modifications the proceaure is the sare 


as used for equilibrium flow as Lilustrated, 





and Specific Impulse (Isp) 


The value of effective exhaust velocity (c) is de- 
termined from 


| u 
cs re sg’ xz |° (33) 





where’ J = mechanical ejuivuient of heat 
The actual formula usec wes 


C= 9495, § Hg? r ft see*t 





ec = 8575 ft sec for equilibrium flow 


mie 


e¢ = 8039 ft see“? for constant composition flow 
Isp = c/g see (34) 


Is; * Suv = 60,1 sec for equilibrium flow 


ie 


Isp = 8039 ft sec-+ = 249,6 see (constant composi- 
S¢,2 £t see” tion flow) 


This. value of Isp represents the theoretical maxi- 
mam since Igp is defined by 


Isp *#Eu = Mz 8 
he hg gg 


Feme implies that the effective exhaust velocity 
is equal to the jet velocity which is only true for a per~ 
fectly expanded, frictionless nozzle, with true axial flow 


from nozzle throat,. 


Step G alculation of Nozzle Thrust Coefficient (Cpr) 


The nozzle thrust coefficient (Cp) is a funetion of 


F, Po, fe and is defined as 


Po f, ce , 

Cp = 8375 = 1.58% fer equilibrium flow 
6014 

Cp = 8064 = 1,64 for constant composition flow 
6014 


H, Culculation of altitude Index (h) 


The determination of the altitude index is based on 
values of altitude index und loading factor varying with 


density and specific impulse, 


Arguments of. propellant density anu specific impulse 
were used to determine the corresponding altitude index ex- 
pressed in miles, With this method of determining alti- 
tude it was possible to find and plot altitude index as a 
function of weight percent addition of the third component, 

The densities used are those shown in Table IV, 

It is first necessary to find the average propellant density 
from the ratio of the molecular weight to the total volume 
of the reactants, 

The propellant mass = ms 160.5< gms, 

fhe total volume equals 151,72 ané, 


= (36 
e a | ) 


e = 160,52 gm  # 1,32 gms eno 
151,72 cm 

Isp from previous Calculation i8 equal to 249,6 sec 
(constant composition) and equal to 260,1 see (equilibrium 
flow). 

With these values of Igp and C enter the tables and 
pick off the corresponding value of altitude index (h) equal 
474 miles for constant composition flow and equal to 527 


miles for equilibrium flow, 


w~Sh— 
DISCUSSION OF RESULTS 


Considerations have indicated that hydrogen is 
the best aduitive to a bipropellant system for reduction 
of heat trensfer because of its high heat capacity per 
unit weight and its low molecular weight which results in 
inereased performance and reduced combustion temperature 
providing equilibriun conditions are attained and complete 
mixing is assumed, Im a practical system it is proposed 
that the addition of hydrogen be accomplished by the use 
of liquid hydrogen (He(1)) or by the use of a molecule 
whose dissocisxtion products are preuominantly low molecular 
weight, 1,e€., liquid ammonia (NHz({1)). The effect on the 
performance of the prepellant systems, NoQg - NoHg, RFNA « 
NoHa, and Hz0Op ~- NeHa, by addition of liquid hydrogen and 
liquid ammonia has been calculated for various percentages 
. of additive, These results are tabulated in Tables V to 
XVI and demonstrated in Figures 1 to 16, 

For each tripropellant system a table of all parame- 
ters computed assuming equilibrium flow conditions, a table 
of all parameters computed agsuming constant composition 
flow conditions, curves of chanber temperature, exhaust 
temperature, specific impulse, and altitude index against 
weight per cent aduition cf third component for both equi-+- 
librium and constant composition flow, and a curve of per- 
centage variations ror these same parameters are presented, 

The percentage Variation better illustrates the 


relative effect of the adaition of the third component on 


a~d5— 


the performance parameters, The percentage variations are 
based on the ratio of the parameter to the stoichiometric 
value of the system being eoneidered, The - change in value 
of a parameter from the value at stoichiometric can readily 
be determined from the curve showing this variation as a 


function of weight per cent addition of the third component, 





This information is valuable in selecting a propellant 
system for a given specification, 

It is well to note that the constant composition 
values of the variation of the parameters appear larger 
than the values of the variation of the parameters for 
equilibrium flow, It must be remembered that the absolute 
value of the parameter for equilibriun flow considerations 
is always greater than or equal to, but never less than 
the value of the parameter for constant composition’ con- 


siderations, 


A. ADDITION OF LIQUID HYDROGEN f0O A STOICHIOMETRIC MIXTURE 
OF NITROGEN TxTROXIDE AND HYDRAZINE 


fhe addition of hydrogen to the combustion chamber 
will alter the average molecular weight, the specific heat, 
and influence the component equilibria, The first effect 
is sufficient to cause an increase in performance (because 
of decrease in NM) at the same time lowering the chamber 
temperature because of the reduction in available energy 


and the high heat capacity of hydrogen, 


-~56= 


The nitrogen tetroxide=hyurazine system at stoichio- 
petric for eguilibriunm flow has a high chamber tempera ture 
(Te «= S2089 K), a high specific impulse (Isp « 258.2 see), 

a high altitude index (h ~ 525 mi.), ana a characteristic 
velocity (c* = 596 ft sec~+), (Cf. Table V.) ‘These re- 
sults make this a desirable system, However, it is immedi- 
ately apparent that there are severe temperature problews 
involved in using this propellant system. for long term opéra- 
tion, Therefore, the effect of the addition of hydrogen on 
this propellant system was evaluated, 

The paraneters for this system are shown in Figures 
l and 2 andi their Values aré syrown in Tabie V ana VI. 

Chamber temperature and exhaust temperature both de- 
erease almost lineurly with the increase of hydrogen showing 
approximately 43 per cent drop in chamber tenuperature with 
addition of 16,25 per cent by weight hydrogen ana approxi- 
mately 06 per'cent decrease in exhaust temperature (constant 
composition flow) anu Go per cent decrease in exhaust tempera- 
ture (equilibrium flow) for the same adaition by weight hy- 
drogen (16,25 per cent), ‘hus, it is seen that the effect 
of the thiru component on the temperature is desirable, 

4m increase in specific impulse is observed by the 
adaition of hydrogen reaching u maximum between 8-10 per cent 
by weight addition of hydrogen, The maximums increase is ap- 
prodimately 11 per cent for constant composition flow consider- 


ation and 6.35 per cent for ecuilibriun flow consideration, 


oo 


Altitude index shows 4 5 per eent increase at ap- 
proximately “.5 per cent addition by weight of hydrogen 
for the assuseu constant composition flow process and a 
2 per cent increase at 0,5 per cent addition by weight hy- 
drogen for the assumed equilibrium flow condition, 

It is well to note that the percentage decrease in 
altitude index is less than the percentage decrease in 
chamber temperature, so the overall effect is still favor- 
able, In practice the two factors would have to be care 
fully weighted depending on the use to which the missile 
is to be put. For hydrogen addition greater than S per cent 
by weight the percentage decrease in altitude index lags 
the percentage decrease in chamber tesperature by three to 
ten per cent for equilibrium flow, and for constant compo- 
sition flow by nine te seventeen per cent, 

The effective exhaust velocity (ec) increases to 4 
maximum of S867 ft sec~+ at approximately 6.4 per cent by 
weight of hydrogen for constant composition flow, and reaches 
@ maxinum of 8868 ft sec) for equilibrium flow at approxi- 
mately the same weight per cent addition of hydrogen as for 
constant composition flow, 

The characteristic yelocity follows the effective | 
exhaust velocity reaching a maximum of 6415 ft see"! for the 
sane weight per cent addition of hydrogen, 

fhe thrust coefficient (Cp) decreases fron 1,46 to 
1,58 for constant composition flow and increases from 1,54 


to 1,36 for equilibrium flow, The thrust coefficient is 


-S— 


the same for both flow essumptions after the chamber tenmpera- 
ture is suppressed to the point where there is no ree 


association energy appearing in the nozzle expansion, 


B, ADDITION OF LIQUID AMMONIA TO A STOICHKIOBETRIC MIXTURE 
OF NITROGEN TETROXIDE AD HYDRAZINE 


The introduction of low molecular weight constituents 
into the combustion chamber by the use of liquid anmonia 
produces results similar to those obtained by adding hydro- 
gen and for missile use the handling problem is greatly 
simplified, The change in performance is smaller, however, 

For this system the results are presented in Tables 
VII and VIII and Figures 6 and 4, 

The exhaust temperature decreases almost linearly 
with the addition of ammoni« showing very little daifference 
for either equilibriun or constant composition flow, For 
an addition of 17.91 per cent by weight of ammonia a reduction 
in exhaust temperature of approximately 58 per cent is ob- 
tained for equilibrium flow and £1 per cent for constant 
composition flow, 

As can be seen in Figure 3 the change in specific 
impulse (Isp) reaches a maximum of 251 sec and #60 sec at 
| approximately & per cent addition by weight of ammonia for 


constant composition flow and equilibrium flow respectively, 
fhe chamber temperature decreases steadily with 


the addition of ammonia, but it is to be noted that for 


ae Dae 


approximately the same weight per cent addition of ummonia 
and. brapegve a reduction in chamber temperature of 19 per 

cent is obtained with Liquid ammonia while a reduction of 

chamber temperature of 46 per cent is obtained by the ad-s 

dition of liquid hydrogen, 

Altitude index increases with the addition of ams 
monies to & naximun (b = 527 miles) at approximately 4 per 
cent addition by weight ammonia for equilibrium flow, For 
equilibrius flow the altitude index reaches a maximum 
(nh = 483 miles) at approximately 5 per cent addition by 
weight of ammonia, 

The effective exhaust velocity increases to a waxi-~ 
mum of 8375 ft seew1 at approximately <,7 per cent addie 
tion by weight of ammonia for equilibrium flow, An increase 
to a maxim of 8076 ft seem) at 5 per cent addition by 
weight of ammonia is obtained for constant conpeet aed Flow. 

The characteristic velocity (c*) follows the same 
trend as the effective exhaust velocity reaching a maximum 
walue of 6017 ft see~) eat five per cent ammonia, 

The thrust coefficient (Cpr) changes from 1,40 to 
1,58 for equilibrium flow and increases from 1,54 to 1,37 
for constant composition flow indicating that the charac« 
teristic velocity and specific impulse vary in a similar 


manner with various percentages of third component, 


~ Am 
C. GENERAL RESULTS APPLICABL:® TO ALL SYSTEeES INVESTIGATED 


The effeet of the addition of hydrogen and ammonia 
to the other propellant systems is very similar to the ef- 
fect on the performance and temperature changes for the ad- 
dition of the third component to the nitrogen-tetroxide 
systems, Therefore, Little would be galnec in a detailed | 
discussion of the remaining systems. Tne results of all 
the systems are presented in Tables V-—XXIV and Figures 1-17, 

The calculations for the assumption cf constent 
composition flow in ull three sy stens reveal that the ab- 
solute changes are of a smaller order of magnitude on the 
addition of a third component than are the eguilibrium flow 
results, Actually the flow condition may fall somewhere 
between the equilibrium flow and constunt composition flow 
assumptions, however, it is weil to demonstrate both ty;es 
of flow as Lliniting conditions, 

A study of the results reveals that: 

1. The exhaust temperature for equilibrium flow 
is affected the most of all, 

2, With the exception of the RFNA-NHg(1) -NoHg 
system the exhaust tenperature for constant 
composition flow is affected to the next 
greatest extent, 

5. The chamber temperature is affected the next 
greatest extent with the same exception as 


stated in (2). For weight per cent aduitions 


wn, | we 


. greater than 6 per cent, (%) and (5) are cor- 
rect as stated with no exception, 

4, Altitude index for equilibrium flow is the 

parameter affected the next greatest amount, 

5. The specific impulse maintains the highest 

percentage of its value at stoichiometric 
with the value for variation in specific in- 
pulse Por genstedt composition flow being the 
greater, | 

If B(tg,) 15 defined by (Isp/Igp - Te/Te) and if 
Bip) is defined by (h/h° ~ Te/Te°), wherein the superscript 
term is the value at stoichiometric, it is found that the 
Value of each of these parameters was prastienlly constant 
for equal percentages of hydrogen for the three systems, 

The same is true for equal percentages of ammonia added 
to the three systems, 

These values for the hydrogen systems and the ammonia 
systems were averaged and the average error in the parameter 
for any system when compared with this mean value for 
the three systems wus small, ‘This is illustrated in the 
following results for the nitrogen tetroxide~liquid hy drogen- 


hydrazine system: 


Elon Parameter © Ava Error  \jax, Error 
Equilibrium Elsp 0,004 9,008 
Constant Composition EIg, 0,015 9.02) 
Equilibrium En 0,006 0,007 


Constant Composition Ey 0.027 0,050 . 


athe = 


Sdisilar variations were founa for the other systems, 
The values ef these paremeters are listed in Tables XVII-XXIV 
and Figure 17, 

The following general results are observed: 

1, The amount of the variation of the chamber 

temperature exceeds the variation in speci-~ 
fie impulse and altitude index by a constant 
value, 

2. Hydrogen is more efrective than anionia based 

on the effect on the performance paranieters 
of the systems under investigation, 

The obvious usefulness of these relatively simple 
parameters lies of course in their adaptability in pre- 
dicting performances of tripropelilant systems once the 
chamber température curves have been calculated or ésti-~ 
mated; ana as an indirect means for illustrating the rela+ 
tive merit of 4 series of third components under considera~ 
tion as possible coolants, 

This parameter was applied to data available from 
other sources, It is shown in Table XVIII that Esp 
calculated from data for constant composition for liquid 
oxygen-liquid hydrogen-hydrazine sy stem (Cf, Ref, 3) was 
in zood agreement with the results ciscussed before, 

in cemparison with data for carbonaceous tripropellant 
systems (Cf. Ref, 4) it was found that agreement was satis- 
factory with exception that Elsp for system containing 
“e¢arbon was not in sufficient agreenent, It is believed, 


however, that similar parameters might be useful in analyzing 
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4000 
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H, 
0.0 
0.69% 
| ao93 
2.093 
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4.212 
4.93) 
20.7 
§ .393 
7.138 
7.895 
8.664 
9.439 

10.226 
11.023 
11.828 
12.644 
13.466 
14.295 
5,132 
15.975 
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2 496 
3.380 
4.282 
5.234 
8.208 
7 211 
8.247 
9 312 
10.389 
11.519 
12.660 
13 821 
15.006 
16 206 
17 424 
18.659 
19.909 
21.171 
22 446 
23.733 
23.031 
26.338 
27.656 
28.980 
30.315 
31.636 
33.006 
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615 
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ay a Be. 
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.045 
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e576 
464 
ees) 
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.028 
923 
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Aes Ih) 
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colg 
.412 
.313 
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EMTHALPY TABLE 
AH3gg0y kcals’gram mole 
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Q.0 

0 942 
1 970 
37072 
4 232 
5.44) 
6 692 
7.976 
9 291 
10.629 
11.989 
13: 367 
14.76C 
16.168 
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20.455 
21.902 
23 358 
24 820 
26.290 
27.760 
29.242 
30.729 
32.218 
33.72 
35211 
36.712 
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39.734 
41 244 
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118 
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.009 
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417 
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613 
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264 
-170 
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.622 
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. 307 
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12 
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13 
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.640 
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1% CALCULATING 


2 547 


985 
me 
. 465 
233 
.002 
783 
584 
.390 
197 
.O95 
.834 
.643 
14. 


206 


. 360 


213 
080 


.936 
.807 
.678 
20. 


563 


.447 
335 
.227 


121 


920 


$52 
467 
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11 
12 
12 
13 
14 


whey, 


16 
17 


18. 
19. 
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20. 
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22 
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25 
26 
27 
28 
29 


29. 


30 
31 
32 


HIRSCHFELDER, 


THredre TICAL PROPELLANT 


CURTIS. 


Pi iF ORMAPRCE 


NO H,N,O RAT 
0 O 0 0 
0.497 0.199 
0.993 0.397 
1 490 0.596 
1.987 0 795 
2.484 0 9393 
2.981 4 192 
.308 3.477 } 390 
.133 3.974 1 5869 
.958 4 47) 1.788 
. 800 4.967 1.986 
643 5.464 2.185 
.499 5.961 2 384 
.355 6.457 2.582 
.22t 6.954 2 78) 
.088 7.45) 2.960 
.957 7,947 3.178 
.827 8.444 3.377 
. 200 8 941 a) 576 
598 9 438 3 774 
. 480 9 935 3 973 
.364 10.430 417) 
249 10 928 4.370 
143 11.425 4.569 
.036 11 921 4.767 
929 12.418 4.966 
.823 12 918 §.165 
7416 13 ail 5.363 
.617 13.908 5.562 
$19 14.405 5 761 
42 | 14.901 5.959 
.325 VS.396 § 158 
.229 15.894 6.356 
135 16 392 62555 
04) 16.889 6.754 
@48 17.385 6 $52 
656 17.882 oe lee | 
.761 16 379 7-350 
.682 18.875 7.548 


A-3 
TADLYT IE 
HBEATS OF FOHKATION USED IN THIS INVestTiIGsaTiIon 


H. (1) e¢eevetovsae 6 1,848 kk cal molL7t 


MgO, dissscssse, @6,808". «ss 
HoGg(l) .secces. o1s2* i 
HNOs secesccceee #41.66° n 
RFNA(6 8% 
NoOg «seess #41 ,05 it 
NoHg seseveesses 12.05 i" 
NH.(1) sovveveee 416,07° f 
HnO(B) wcveceeve 407.798 i 
OH wsecsesssuees 710,08 fn 
@ as ebedacssvce. OOEADD i 
B ncvswcngesscne “00,060 i" 
WO ss dbaw deinen. SOE ge rn 


8calculated by L. G. Cole frow data in Chemical Rubber Pub- 
lishing Company Hunubook of Chemistry and Physies, pp. 1745- 
1747 (1945), 


Pchemical Rubber Publishing Company Handbook of Chemistry 
and Physics (1947). 


“Bichowski, FP. R., Rossini, F. D., "The Thermochemistry of 
Chenicai Substances" Reinhold Publishing Corporation (1936), 


All other data from "Tables of Selected Values of Chemical 
Thermoaynamic Properties", National Bureau of Standzerds 

(U, S. Department of Commerce) with support of Office of 
Naval Research, USN, Karch 31, 1947, 
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TABLL IV 


DENGITIBS USED IN THLs INVESTIGATION 


Component 


Nha 

H20. 

N04 (1) 

H, (1) 

NHs (1) 

HNOz (6.8% NoQq) 


, t. 

gm en? 
+ £02, 
1,465 
1.4¢1 
0,07 
O,648 
1,545 


at 
at 
at 
at 
at 
at 


16° ¢ 

eo ct 

a” e 

=ibz,8° C 

20° c (Cf. Ref, 14) 
20° C 


VanflATION OF Perron 


ee 
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ASSUMING EQUILIBRIUM FLOW CONDITIONS 


(~) 
MOLES 


0.00 
0,50 
1,00 
1,90 
‘39 OO 
4,00 
8.00 


L5,00 


(10) 


Cet 


OBB 


6100 


6198 


(3) 
Leo 


(11) 


Cc 


Tt see7+ it sec~L 


5546 


6497 


8587 
S690 
B71S 
BBS 
3868 
3757 
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To/Te° 


(12) 
see 


2T4cl 
21S 


TABLE V 


S) 
Te 


(6) 
Te/Te? 


O.9u1 
r) aed 


0.875 


0,508 
0,047 


(13) 


Isp/Isp° 


1,000 
1.018 
1.029 
1,057 
1,044 
LyOeT 
1.065 


1.047 


1,000 
0.975 


0,627 
0.680 


(7) 
f 
gin cm” 
1.<5 
1.15 
1,06 
0,04 
0.58 
0.6 
0.48 


OF LIQUID HYDROGEN FCK N.04-He(1)<NeHa SYSTEM. 


re) 


NCS PARAMETISRS T1LTH WEIGHT PER CAT 


(8) 


4 


21,446 
20.407 


12,415 


16.452 
17,897 
14.866 


0,05 


(14) 


Cr 


1,40 
1,098 
1.58 
1.58 
1,56 
1.5& 
1,58 
1,08 


(15) 


11.475 
8.468 


(16) 
h/h®? 


1,000 
1.081 
1.004 
0.99% 
0,989 
0,937 
0.800 
0,629 


VahLATIO:N OF PRRs ORMANCO Pah BLTnns WITH WeRLGHT 


(1) 


cm 
( Lye 


(x) 
NOLES 


0.00 
0.50 
1.00 
1.50 
2.00 
4,00 
8.00 

1,00 
(10) 


ct 


0965 
6100 


(3) 


o099 
ZB09 
LBS 


L6veC 


A~6 


TABLE VI 


(4) 


wy O 


Te/ Pe 


1.900 
1.000 
0.992 
0.977 
0.959 
0.869 
0.706 


0.526 


(5) 
Le 
OK 


(6) 


.../T,." 


1.900 
07». eae 
0,986 
0.970 
0.947 


. Oeoo? 


O.645 
0,444 


gm ¢en™ 


OF LIQUID HYDAOGEN FOR NeOg-Hg(1)-N,Ha SYSTEM 


ASOUMING CONSTANT COBPOOITION. FLOW CONDITIONS 


(7) 
- 
3 
1.28 
1,13 
1.03 


0,84 


0,88 
0,68 
0.48 
0.55 


Per CER 


(8) 


fe 


20,200 
iS, 948 
19,117 
18.203 
17.410 


14,811 


6,468 


(12) 


Cc 


7370 
6161 


£t see7t ft sec~1 


'? é 
a! 5 Eo 
ts su 


8456 
8582 
S76e 
8867 
8757 


(12) 
Isp 
sec 

47,5 

Od .& 

£98.5 

26:2 .0 

£65 ,0 

et | 

<75.4 
ad Bee, 


(13) 


Isp/Isp° 


1,000 
1.004 
1,044 
1.059 


1.071 


1,099 
1,116 
1,096 


(14) 
Cr 


1.54 
1.54 


1,54 


1.58 
1.55 
1.47 
1,58 
1.08 


(15) (16) 


h 
m1, 
4AT2 
489 
491 
496 
496 
481 


oud 


h/h®? 


1,000 
1,056 
1.040 
1.052 
1,051 
1,013 
0,890 
0.700 


(1) 
wIp 


0.00 
z 66 
D,17 
9.85 
14,04 
17.91 


(9) 
wtp 


9.Q0 
2. 66- 
Sel? 
8,385 
14,04 
17.91 


OF LIGUID ALMONTA FOR 


A-7 


TABLE VII 


- 
Neo 
os 


*; ee 


ASSUMING E.UILIBRIUE FLOW CONDITIONS 


(2) 
NOLES 


0,90 
0,20 
0,50 
1,00 


~ 1,50 


z,06 


(10) 


awe 


ft see” 


L365 
6014 
6017 


1 


(3) 
To 
OK 

S2EB 

5208 

5161 

S017 


2830 


abe 


(11) 


C 


ft see 


8 


Og-NHz(1)-NoHg SYSTEM 


C57 
85435 
B2e9 
60735 
7879 


(4) (5) (6) (7) (8) 
TS ae i A ed E 
OK Zio em7? 
1.000 £334 1,000 1,25 21,446 
0.992 2:46 0.962 1,22 20,842 
0.978 <l02 0,901 1.19 20.214 
0.933 1842 0.789 1,14 19,071 
0.875 1628 0,698 1.10 18,088 
0.813 1456 0.64 1.0% 17,253 
(12) (15) (14) (15) (6) 
-Isp/Igp> Cp hh _ h/h® 
- mi, 
dby.2 1,000 1.40 525 1,000 
860.1 1,008 1,88 527 1,004 
569.1 0,999 1.59 523 0,996 
255.6 0,986 1.38 498 0.949 
2b0.7 . 0,967 1.38 472 0,899 
244.6 0,944 1,38 439 0,836 





eo 


A~8 
TABLE VIII 
VASIATION OF PERFORMANCE PARAMETSKS WITH WEIGHKE PLR CENT 
OF LIQUID AMMONIA POR Ne0g-NHg(1)“NoHg SYSTEM 
ASSURING CONSTANT COMPOSITION FLOW CONDITIONS 
(2) (2) (3) (4) = (5) (6) = (7) (8) 
wIy MOLES » Te e/i;" o/Te OCF i 
°K ne gm on~° 
0.00 0,00 S265 2160000 «1888S 1,000 48291485 20.900 
2,66 0.25 S08 O.9s2 1809 0,992 1,26 20,384 
5.17 0.60 161 0.976 1780 0,976 1,19 19,886 
9.65 1,00 4017 0.955 1687 0.945 1.124 18,911 
14,04 1.50 #830 0.875 1586 0,854 1,10 18,018 
17091 8,00 26kS 0.823 1434 0,787 1.07 17,228 


(Y) (10) (11) (12) (18) (14) (15) (26) 
we D9 o% C Eup Jap/tagp cy > n/K* 
ft sec~+ ft see~t sec mi. 

0,00 5965 7970 47.5 1.000 1.44 472 1.000 
2,66 6014 8039 £49.6 1.008 1,34 479 1,015 
5.14 6017 8076 250.8 1.015 1,34 483 1,023 
9,83 5976 6065 50.5 1.012 1.35 479 1,015 
14,04 - 5d48 7996 248.3 1,003 1.87 460 0,975 


17181 yiela 75416 242.7 0.981 1.57 4:4 0,898 


VARIATION Of PaRPORRANCK PARA 


ey 


* 
wT 
nd fe 


0.00 
1.00 
1,97 
495 
5,87 
746 


an 


5,88 
26,21 
(9) 
wie 


0.00 
LOO 


(2) 
ROLES 


U.00 
0.59 
1,90 
1,90 
iz QO 
4,00 
&, 00 


15,00 


(10) 


Ct 


B75 


ASSUHING } 


(3) 
Le 


co F4Y 


£659 


cond 


~L40 


L528 
1145 


(11) 


Cc 


A-~Q 


TABLE 


Tk 


eeTtTokho 


elivh EIGHT 


sUTLIBRIUE FLOW CONDITIONS 


(4) 
Te/Te 


i.G00 
0,997 
J. bb4 
0, 86 
0,336 
0.751 
0,571 
0.401 


O . 


(12) 


it seen ft sec 


Isp 


sec 


(9) 
Te 
°K 

1Lo%e 

L505 

1670 

L544 


(6) 


t¢/1," 


1.000 


QO, 844 
0,780 
0.750 
0.576 
0.405 
0.267 


(15) 


Isp/Isp° 


380.5 


1,900 
1,U0kS 


1,40 
1.59 


(7) 
7 


£m ch 


1,28 
1,08 
0,95 
0,85 
0.77 
0,56 


0,38 


0.6 


(14) 


Cy 


mi, 


PokR CidT 


OF LIQUID HYDNOGEN FOK H:O.-He(1)-N..Hg SYSTHR 


} 


(15) 


43] 
437 


(8) 


ry 


19.747 
18.250 
16,951 
15,851 
14,854 
12,013 
8,958 
6,515 
(16) 
h/h? 


1.000 
0,4 ¥S2 


1 $028 
1.065 
1,041 
1.049 
1,041 
1,008 


1.53 


1.39 
1.39 
1.39 
1,38 
1.38 


0, 967 
0,941 
0,929 
0.656 
0,064 
0.466 


A-1LO 


TALLE X 


VaRnlATION OF PELRPURLANCE PARAMATLAS WITH WEIGHT PRK CLNT 


(1) 
Wwf 


0.00 
1,90 
1.97 
KIS 
587 
7.46 
15,88 


2D git ds 


(3) 
WTP 


(2) 
KOLLS 


0.00 
0,50 
1,00 
1,00 
z.00 


4.00 


8.00 
15,00 


(10) 


Ct 


o775 
O932 
0976 
60l1z 
6044 
6095 
6085 
0886 


(S) 
To 


(11) 


Cc 


ft see~t [t sect 


738d2 
8107 
Bx254 
8520 
8565 
8409 
8506 
8125 


(4) 


Te/Te” 


1.000 
0.997 
0.964 
0.926 
0,886 
0.71 
0,571 


(5) 
Te 


(6) 


Te/Te° 


1.000 
0.980 
0.945 
0.885 
0.8435 
0.676 
0.471 


OF LIQUID HYDROGLN FOR Ho02-Ho(1)-N,Hy SYSTEX 
ASSUMING CONSTANT CUMPOSLTION FLOW CONDITIONS 


(7) 


< 


gm em? 


1,<8 
1.08 
0.95 
0.85 
O77 
0,56 
0,58 


(8) 

B 
19,418 
18,126 


16.882 


15,504 
14,840 


12,016 


8.958 


0.401 


(12) 
Isp 
See 

245.8 
4B1.8 


200—7 


258.4 
259.8 
265.7 
“60.7 


€,8.¢) 
OK og & 


O0.d5lz 


(13) 


Igp/Isp° 


1.000 
1,055 
1,049 
i .060 
1.066 
1.076 
1,063 
1,059 


0.26 


(14) 
Cr 


1.56 
1,07 
1.58 
1,58 
1,58 
1,59 
1,058 
1,58 


(15) 
h 


6,515 


(16) 
n/n? 


1,000 
1,035 
1,022 
1,000 
0,923 
0,896 
0.712 
0,496 


VARIATION OF PRRPORSMssCh PAnskhs PERS 


A-11 


TABL® XI 


1TH 


ASSURING myuLLIERIUL SLOW CONDITIONS 


a0 + % D eet Nia Las 
WaiGhs Pick CL? 


OF LIQUID smmhOKin PORK hyOv-WHs(1)-NeHg SYSTiB 


(i) (2) (3) (4) (5) (6) (7) (8) 
te eS » 37%" | AD” Ff K 
OK O7K gm em™? 

0.00 ° 0.60 ‘@661 loo 1979 coo 1,928 Bee 

4.08 0.25 2804 0.985 1767 0.895 1,23 16,852 

7.84 0,60 2677 0,939 1606 0.812 1.19 18,049 
14,54 1,00 23876 0.833 1542 0.676 1,12 16,719 
20.3% 1.50 2099 6.736 1140 0.876 1,07 15,698 
25,86 2,00 1862 0.655 977 9,494 1,03 14,901 

(9) (19) (11) (dz) (28) (14) (18) (26) 
WD cH C Isp lsp/lgp & & OE 

rt sect rs sect Sec mi, 

0.00 5773 3067 <60.5 1.000 1,40 489 1,000 
4.08 5304 80455 “42.5 0,496 1.38 479 0,980 
7.84 5699 7uze <46.0 0.982 1.38 460 0,941 
14,54 5487 7648 237.5 0,946 1.59 419 0.857 
20.82 5<83 7851 286.35 «6,921 ~«—«1439 S71 0, 758 
25.38 5u8l 7048 218.9 0,874 1,59 353 0.661 


Aw1Le 
TABLE XII 
VARLATION Of PolurMadsCL PARAMETERS RITR }ELULT Per Cent 


OF LIWUID AMMONIA Fun Hg0p-NH3(1)-NeHa SYSTEM 


asSURING CONSTANT COMPOSITION FLOW CONDITIONS 


(1) (z) (5) (6) (7) (8) 

WIe  &OLKS T/Te, i. ¢ i 
me gra cw? 

9.00 0,00 1 1.000 1694 1.000 1.288 19,418 
4,08 0,26 04 0.83 1654 0.976 1.25 18,732 

7.84 0.50 677 0.969 1553 0.917 41,19 18,002 
14.64 1.00 2876 0.835 1583 0,787 1,12 16,710 
20.352 1,50 2099 0.756 1138 0, 1.07 15,696 
26.38 £.00 1862 0.653 977 0, 1,038 14,801 

(v) (10) (11) (12) (13) (14) (15) (16) 

wth ct C Isp Isp/Isp®? Cp  h_ h/h® 

ft see! ft secml gee | mi, 

0.00 5773 782 245.8 1,000 1.36 460 1,000 
4.08 5804 7216 <45.6 1,008 1,86 462 1,004 

7.84 5689 7876 44,6 1,003 1.38 458 0,996 
14,54 5487 7637 257.2 0,968 1,39 419 0.912 
20,52 8283 7546 <c8.1 0,986 1.39 S71 0,807 
25,38 bO6l 7048 218.9 0.8698 1.39 343 0,724 


h=-15 


VARIATION OF PiRPenkarCs PanhalbTbhS HITh WEIGHT Pi CENT 


(1) 
WI 


0,00 
0.90 
1.79 
2,65 
3,51 
6,78 
15,46 
21.43 


OF LIQUID BHYLAUG:N FOK RPNA-Hy(1)-Nolig SYSTEM 


ASSUMING BQUILIBKIUM PLOW CONDITIONS 


(2) 


MOLES 


(10) 


ct 


ft sec. 


2560 


(3) 
Te 


Ox | 


SOF 
2049 
«856 
146 
CBBx 
22238 


1660 


(4) 


6 
To/Te 


L.u90 
0,997 
O, 366 
0.929 
0,890 
U, 704 
0,568 


(5) 
Te 
°K 

20387 

L858 

1716 

1593 

1490 

1179 
816 


(6) 


a 


1.000 
0.912 
O, 842 
0.782 
0.751 
0.979 
0.401 


gm cH 


(7) 
ra 


1,28 
1,11 
0.98 
0.88 
0.79 
0.0% 
0,40 


o 


(8) 
¥ 


41.367 
19,791 


“18,416 


17,202 
16,153 
13,064 

8,693 


ft 


1184 


(11) 
e 
sec 

7870 

SUucs 

8107 

8160 

8193 

8245 

8179 

7888 


0.400 


-1 


(az) 
Isp 
see 

#44 ,4 


249.3 


045 


01,8 


04 


Cy 


25 
254.4 
2561 
30% 40 
246.0 


0.776 


(15) 


Isp/Isp° 


1,000, 


1.0% 

1.050 
1,057 
1,041 
1,048 
1,959 
1,002 


Q,27 


(14) 
Ce Ooh 
mi, 
460 
465 
456 
44% 
456 
586 
13 


C77 
@ 
Cr 


iL 


(15) 


7,019 


(16) 
h/h®? 


1,000 
1,017 
0.836 
0.976 
0,948 
Q, 8359 
0,660 
0.461 


VARIATION Of PLRFORMANCL PARANHTARS 


(1) 
wT 


0.00 
0.20 
1.79 
«60 
5,ol 
6.78 
15,46 


21,45 — 


(<) 
MOLES 


0.00 
0,50 
1,00 
1,50 
«90 
4,00 
&.00 
15.00 


(10) 


ct 


(3) 
Le 
°K 

2957 

L942 

6856 

12146 

BOOK ' 

cae 

1680 

1184 


A~14 


TABLE. X1V 


(4) 


Te/Te 


1,000 


0.99 


0.966 


0.929 
0.890 
0.1754 
6,568 
U.400 


Q 


(9) 
le 


LT 


(6) 


T./te" 


1,000 
0,856 
0,95) 
0,904 
QO, 604 
0,689 
0,479 
0.819 


OF LIQUID HY¥YDROGGN POh RFNA-Ho(1)-N,Hg SY¥STER 
ASSUMING CONSTANT COMPOSITION FLOW CONDITIONS 


(7) 
ra 


gli em7? 


1.28 
L,1i 
0,98 
0,88 
0.79 
0,09 
0.40 
0,27 


rel oMt POR Oper 


(8) 
i 


21,006 
19,614 
18 ,6<0 
17.149 
Lé,1e6 
14,066 
3,656 
7,019 


(11) 


Cc 


7658 
7862 


Tt sec7+ £t sec~t 


(1z) 
Isp 
sec 

aot .e& 

244.8 

24u,) 

wool. 

COO ed 

206.0 

204.0 


L400 


(13) 


Isp/Isp° 


1,000 
1,028 
1.046 
1,056 
1,065 
1,075 
1,066 
1.040 


(14) 
Cr h 
mi, 
E57 
447 
447 
441 
450 
586 

» S135 


co ke 


(25) (16) 


n/n 


1.000 
1,023 
1,0%3 
1.008 
0 984 
0.883 
0.716 
0,465 


VARIATION OF PERFPCHMARCKE PARA 


(1) 
WTp 


0.90 
3470 
Tele 
15,01 
18.72 
254 49 


(9) 
WIS 


0.00 
3.70 
7135 
15,01 
18.7% 


Oo o49 


A=15 
TABLE XV 


271°3 
bebe es 


ASSUMING BQUILIBRIUR FLOW CONDITIONS 


(2) 
MOLES 


0,00 
0,25 
0,90 
1.00 
1.50 
2.00 


(10) 


owt 


S660 
5706 
2087 
0418 
O06 
S018 


(3) 
To 
"* 

abou g 

“Olds 

rAd Bo) 

uaTD 
bGO 

1948 


(11) 


¢ 


(4) 


ft sec™> ft sec7* 


gm ch” 


(7) 


1.28 
1.24 
1.26 
1,156 
1,06 
1,04 


(14) 


Cr 


KS WITH WEIGHT PLR CENT 
OF LIQUID ARMONI4« FUR RFNA-~NHg(1)-NgHg SYSTiM 


(8) 
if 


3 


01,467 
20.684 
13.491 
17,295 
16,858 
15,8<5 


(15) (16) 
h h/h® 


mi. 


7870 
1863 
7774 

7508 


(5) (6) 
Te/Te® Te Te/Te° 
°K 
4,000 20ST L,GQ0 
0.9885 1825 0,895 
0.941 1648 QO,809 
0.558 1585 0,680 
0, 42 1177 0,578 
0,609 1008 G.495 
(12) (15) 
Isp Isp/Tsp” 
see 
244.4 1.000 
ga4.2 0,859 
241.4 0,988 
DOO ¢ 0,054 
224.8 0,819 
216 .h 0.884 


1,39 
1,38 
1.39 
1.39 
1,39 
1.39 


460 
460 
441 
400 


358 


O14 


1,000 
1,000 
0,959 
0.880 
0.778 
0.683 


A-16 
TABLi, XVI 
VARIATION OF Pe RPULANCE PARAME TEAS WITH WRIGHT PER CaN 
OF LIQuIv smMONIA FCA N¥FNA-NH2(1)~-NoKg SYSTER 
ASOUMING CONSTANT COMPOSITION FLOW CONDITIONS 


(1) (2) (4) (5) (6) (7) (8) 
73) 06h MOLES 60 TyCt«é#SDte ‘Tre®* tefta® ¢ E 
OK gm en7? 
0,00 0.00 2857 1.000 1705 21,000 1.28 «1,006. 
3.70 0.25 4915 0,985 1662 0,998 1,24 20,216 
7.15 0.50 2785 0,941 1578 0.927 1.20 19,414 
13.51 1,00 <479 0.838 1363 0.800 1.18 17,977 
18.72 1.50 2193 0.74% 1178 0.669 1,08 16,840 
25.49 %,.00 1948 0,659 1008 0.592 1,04 15,923 
(3) (10) (12) (1z) (13) (14) (15) (16) 
WT% ox C icp 4 Tap/Itp SC pC” 
£t sec"+ ft sec™? sec mi, 
0,00 5660 7667 #58,1 2,000 1,35 487 1,000 
3.70 70% 7751. 40,1 1.008 1,36 441 1,009 
7,13 5587 7690 248.6 1,008 1.38 432 0,989 
13.51 5418 7487 232.5 0.976 1,58 40% 0.920 
18.72 5206 7209 %&8¥3,9 0.940 1.38 354 0,810 
25.49 5018 6958 2416.1 0.908 1,39 S14 0,719 


awh? 


TSBLE AVIT 


ee 


VARIATION Oe L(q,.) “TPH WHIGHT PER CoNT OF LIQUID HYDROGII 
FOR EjULLIBRIUM FLOW CONDITIONS 


Propellunt systerns; 
A, NO,-H,(1)-NLH,, 
B, HoQ,-H, (1)-NUH, 
C. RENA-H,(1)-NUHg 


Wt.% Ho(1) A B C Average 
of A,B,C 
0.00 Om@50 3.000 0.050 G.000 
2,00 0,105 O.,110 O,led 0,114 
6,00 0,246 0,240 0,<56 0, <44 
8.00 0.320 0.014 0,329 0,321 
16,00 0,385 0,574 0,388 0,882 
12,90 0,440 0,428 0.436 0.435 
15.00 0,506 0,496 Q,004 0,902 
“0.00 ~ 0.080 0.587 9,585 
Averaze Brror 0,004 0.006 0,006 
Max, Error 0,008 0.008 0,019 


Errors are with respect to average value obtained 


by averaging “(Tep) of systems A, B, and — 


A~L6 
TABLE XVIII 


VanlistiOn Os “ (Isp) A{TH WeiGHT Per CENT OF LIQUID HYDROGEN 


POR CONSTANT COBPCLOITION «LO® CONDITIONS 


Propellunt oysters: 
A. W_Og-H., (1)-N, Hy 
B. H_O5-Hz (1)-NoHy 
C. RFNA~H.(1)-N Hy 
D.  0:(1)-He (1)-N.H, 


Average 

We. Ho(1) A B C of A, B&e D 
0,00 0,000 0,090 0,000 0.000 0,000 
5.00 0.114 0.104 0,144 0.131 0,124 
6.00 0.259 0.266 0,282 0.276 0,250 
8.00 0.563 0,543 0,356 0,556 0,523 
10.00 0.436 0.400 G.416 0.417 0,392 
12,00 0.490 0.452 0.464 0,469 0.452 
15,00 0.556 O".522 0,530 0,536 0,528 
Z0.00 : 0.606 0.614 0.610 0,630 
Average trrorg,01s& On O14 0,005 0,016 
Max, Error 0.0¢d1 0,017 0,028 


0,015 


Lrrors are with respect to average value obtained 
by averaging E(Isp) of systems A, B ane C, 


(4) Data was computed fron values listed in Hef, 5, 


VARIATION OF E(h) WiTh #EIGHT Prk CENT OF LIWULD HYDROGEN 
FOR BQUILIBR1Um FLOW CONDITIONS 


Propellant Systenis: 
A. Ng04g-Hz(1)-NpHa 
B, Hg0g-Hg(1)-NeHa 
F. RFNA-Hg (1)—Welig 


Max. 


Average Error 


tained by averaging (hn) of systems A, B anu C, 


Error 


0.006 
0.007 


Err. rs are with respect to average value obs 


0,006 
0.016 


0,606 
0,014 


average 
Wt. Ho(1) A B C of A,B&C 

0.00 0.000 0.000 0,000 0,000 
3,00 0,040 0.002 0,052 0,038 
6,00 0.060 0.064 0,074 Osets 
8,00 0.094 0.088 0,080 0.087 
10,00 0,100 0,094 0.089 0.094 
12,00 0.105 0,085 0,096 0,099 
15,00 0.108 6,096 0.100 0.101 
20,00 “ 0.080 0.068 0.075 


h=-=0 
FABLE. AA 
VARLATION OF is(h) WITh WRIGHT PLH Cen? O” LIQUID HYDROGEN 


FOn CONSTANT CORPOOITION FLOW CONDITIONS 


Propellant oysters: 
A. NpOg-H:. (1) -NoHg 
C. RFNA-H. (1) -NoH, 


Average Error 0,027 0.009 0,019 
Bax, Lrror 0.050 0.016 O,0<6 


by avercging E(n) for systems A, B and C, 


Wt.% Ho (1) A B - Averaze of 

A, B&C 
0,00 0,000 0,000 0,000 0,000 
3,00 0.113 0.080 0,086 0,083 
6.00 0.164 6.160 6,116 0,137 
8.00 0.184 6.149 0.128 0.154 
19.00 0.188 0.152 0,136 0,159 
12,00 0.120 0,148 0,143 0.160 
15.00 0,180 0.144 0.140 0.155 
20.00 ~ 0.124 0,106 O.115 


i“rrors ure with respect to average Vulue obtained 


Bae sk 
TABLS AXI 


VARIATION OF E(t.) wITH UEIGHY Pkh CENT OF LIQUID AMMONLA 
FO EQUILIBKIUR PLOW CONDITIONS 


Propellant Systems: 


D. HW 0g-NH, (i)-N Hy 


bs 


. BLOy=NHz(1)-NHy 


F, RFNA-NHs(1)-NUH, 


Errors are with respect to average Vulue obtainea by 


averaging E(1,.) for systens D, E end FP, 


Average of 


Wt. NH (2) D E F D, E&P 
0,00 0.000 0.000 0,000 0,000 
3,00 0,012 0.010 0.010 0.012 
6.00 0,03: 0,08 0,034 0.031 
6.00 0.044 0.044 0,056 0,048 

10.00 0.060 0.064 0.078 0.067 
12,00 0.076 9.088 0.100 0.089 
15,90 0.106 0.140 0.136 0.121 
20.00 = 0.19% 0.190 0,182 
Average krror 0,007 0.006 0,008 
Max, Error 0,015 QO,00% 0,015 


AqnZe 
TABLE XXII 


VARIATION OF (Isp) @ITH whIGHT PLR CconT OF LIQUID AKMONTIA 
FOr CONSTabT CORPODL'ION «LOW CONDITIONS 


Proprilant Systeniss 


D. HN:04-NH3(1)-NeH, 


B. Hv Op-NHs(1)-N Hy 
F. RONA-NHs (1)-NoHy 


Wt .% NHz(1) D iS F D, E, & 
0,00 2.000 0.000 0.000 0,000 
3,00 0,020 G.020 0.018 0.019 
6.00 0,044 0.044 0.050 0.046 
6.00 0.063 0.064 0.076 0.068 

10,00 0.U84 0,086 0.100 0.020 
1z.00 0.107 0.110 0.123 0.112 
15,00 0,141 0.144 0,156 0.147 
20.00 - 0.126 0.210 0.203 
Average irror 0,004 0,005 0,007 
Max, isrror 0.006 0.007 0,010 


brrors are with respect to avernge value obtained 


by uveruging “(Igp) For systems D, bk, and F, 


Average of 


F 


A-< 
TABLE AAITI 


VARIATION Of K(y) WITH WIGHT PAk Cini OF LIQUID AWMONIA 
FOR EyUILIBRIUM FLOW CONDITIONS 


Propellant systems; 
D, NoOg-NHs(1)-N Hy 
EB. HoQg=NHz (1) -NzHg 
F, RFNA~NH2 (1)-NoHg 


‘& Average of 
Wt.% NH (1) D E ¥ 


D, E&P 
0.00 0.000 0.000 0,000 0.000 
3.00 0,012 0.000 0.010 0.007 
8.00 0.020 0.000 0.016 0.012 
8.00 0.020 0,003 0.023 0,015 
10.00 0,0z1 0.008 0.032 0,020 
12,00 0,024 0.016 0.040 0.027 
15,00 0,028 0.028 0,042 0,082 
20.00 - 0.028 0.03% 0.030 
Average Error 0,004 0.009 0,007 
Max, Error 0,008 0,012 0.013 


Errors are with respect to average vulue obtained by 


averaging K(,) for systems D, H, ana F, 


TABLA XalV 


Vaki:.TION OF (hn) WITH WEIGHT PER CENT OF LIQUID AMKNONIA 
FOn CONSTANT COMPOSITION FLOW CONDITIONS 


Propellant Systems; 
D. NoOQg-NHz (1) -Na Hg 
EB. Ho0p+NHs(1)-N Hy 
F, RFNA-NH«(1)-NpHg 


Average of 


Wt. NH. (1) D E TL D, @ and F 
0,00 0,000 0,900 0,000 0.900 
3.00 O.0<8 0,016 0,018 0,021 
6.00 O.060 0.04% 0,042 0.048 
8,00 0.076 0.096 O.060 0,065 

10.60 0.088 0.070 007K 0,077 
12.00 0.106 0.080 O.080 0,086 
15,00 0.106 0.080 0.084 0,080 
20.00 = 0.070 OQ, 064 0,067 

Average zrror 0,012 0.007 0.005 

Max, “rror 0,016 0.310 0.008 


Errors are with respect to averavze value ab- 


taineu by averaging E(n) for systems D, H anu F, 
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